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NATIONAL AERONAUTICS AND SPACE ADMINISTRATION 

TECHNICAL MEMORANDUM x-165 

TRANSONIC OFF-DESIGN PERFORMANCE OF A FIXED 

DIVERGENT EJECTOR DESIGNED FOR A 

MACH NUMBER OF 2.0" 

By Harry T. Norton, Jr.,  Marlowe D.  Cassetti, 
and Charles E .  Mercer 

SUMMARY 

An inves t iga t ion  of a pylon-supported nacel le  model w i t h  a f ixed  
divergent e j e c t o r  has been conducted i n  the  Langley 16-foot t ransonic  
tunnel over a Mach number'range from 0.90 t o  1.06. The divergent e j e c t o r  
w a s  designed f o r  a Mach number of 2.0 and a primary j e t  to ta l -pressure  
r a t i o  of 10.1 with an af terburning primary nozzle and a corrected second- 
a ry  weight-flow r a t i o  of 0.042. 
hydrogen peroxide tu rbo je t  simulator.  The average Reynolds number based 
on nacel le  length w a s  x) x 10 6 . 

The j e t  exhaust was simulated with a 

The r e s u l t s  of the  inves t iga t ion  ind ica te  that, f o r  values of p r i -  
mary j e t  to ta l -pressure  r a t i o  and corrected weight-flow r a t i o  corre- 
sponding t o  a typ ica l  turbojet-engine schedule, s a t i s f ac to ry  performance 
w a s  obtained w i t h  the nonafterburning nozzle configuration over the Mach 
number range from 0.90 t o  1.00. However, the  nonafterburning conf'igura- 
t i on  experienced a la rge  lo s s  i n  performance when the  primary j e t  t o t a l -  
pressure r a t i o  w a s  equal t o  a value f o r  which the j e t  w a s  j u s t  a t tached 
t o  the divergent w a l l  of the e j e c t o r .  The afterburning nozzle configura- 
t ion  experienced la rge  off-design losses  i n  performance over t he  Mach 
number range of t he  inves t iga t ion  due t o  overexpansion of the  primary 
j e t .  # 

INTRODUCTION 

Several  inves t iga t ions  h a v e  been conducted t o  determine the e f f i -  
ciency of the divergent shroud-ejector nozzle. 
and 2 . )  

(For example, see refs. 1 
The resul ts  of these inves t iga t ions  have shown t h a t  the divergent 

* T i t l e ,  Unclassified.  
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e j e c t o r  configuration provides a more e f f i c i e n t  t h r u s t  system a t  the 
higher primary j e t  pressure r a t i o s  than a convergent nozzle and a l s o  
indicate  t h a t  the divergent nozzle should be var iable  i n  order t o  operate 
e f f i c i e n t l y  oSrer the pressure r a t i o  range. The variable divergent nozzle 
would a l s o  require  t h a t  the ex terna l  arrangement of the afterbody vary i n  
order t o  ad jus t  t o  the change i n  the divergent nozzle e x i t  area and t o  
maintain a shape having low externa l  drag. 

Eecause of the weight and complexity of a combination of a var iable  
divergent shroud e j e c t o r  and nozzle, consideration has been given t o  com- 
binat ions of a f ixed  divergent shroud e j e c t o r  and afterbody designed f o r  
a Mach number of 2.0 which w i l l  operate over the speed range without 
excessive t h r u s t  and drag p e n a l i t i e s .  An invest igat ion of the off-design 
performance of such a f ixed  divergent e j e c t o r  i s  reported i n  reference 3 .  
Further  work on a s i m i l a r  f ixed  divergent e j e c t o r  designed f o r  a Mach 
number of 2.0 has been conducted a t  transonic speeds. Some preliminary 
resu l t s  of the invest igat ion are reported i n  reference 4. The present  
paper gives the off-design performance c h a r a c t e r i s t i c s  a t  transonic 
speeds of the f ixed  divergent e j e c t o r  with secondary airflow and over a 
wider range of primary j e t  total-pressure r a t i o s .  Schlieren photographs 
of a small two-dimensional-flow v isua l iza t ion  model of the e j e c t o r  used 
i n  the wind-tunnel invest igat ion a re  included. 

The inves t iga t ion  w a s  conducted a t  Mach numbers of 0.90, 0.95, 1.00, 

A t  each Mach number, secondary a i r  
and 1.06 with the model angle of a t tack  of Oo and with a j e t  t o t a l -  
pressure r a t i o  from 1 ( j e t  o f f )  t o  8. 
weight flow w a s  var ied from zero t o  a value required t o  give a corrected 
weight-flow r a t i o  of 0.04 or the maximum avai lable  with the a i r  supply 
system a t  the higher j e t  pressure r a t i o s .  The f ixed afterbody-nozzle 
arrangements were t e s t e d  on a pylon-supported nacel le  model with both 
nonafterburner and af terburner  nozzles. The j e t  exhaust w a s  simulated 
with a hydrogen peroxide hot - je t  simulator as described i n  reference 5 .  

SYMBOLS 

A area, sq f t  

D drag coef f ic ien t ,  
%%lax 

CD 

‘D,a afterbody pressure-drag coef f ic ien t ,  

CF,e j 
Fej 

QllBX 
gross e j e c t o r  j e t  t h r u s t  coef f ic ien t ,  

CONFIDENTIAL 



cP 

9 

r 

R 

Tt 

V 

pressure coefficient, Pl - p, 
9, 

drag, lb 

diameter, in. 

jet thrust, lb 

ejector jet thrust, lb 

ideal thrust for complete isentropic expansion of primary 

I Y-11 

primary-nozzle jet thrust, lb 

gravitational acceleration, f t/se c * 
ejector spacing, in. 

axial distance from exit, positive forward, in. 

free-stream Mach number 

mass f low,  slugs/sec 

static pressure, lb/sq ft 

total pressure, lb/sq ft 

ratio of primary jet total pressure to free-stream static 
pressure 

dynamic pressure, lb/sq ft 

radius, in. 

gas constant, f t/OR 

stagnation temperature, OR 

velocity, ft/sec 
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W weight flow, lb/sec 

i d e a l  weight flow f o r  choked e x i t ,  
Y+ 1 ‘i 

- corrected secondary-to-primary weight-flow r a t i o  

X longi tudinal  dis tance from reference point  pos i t ive  rearward, 
i n .  

Y afterbody r a d i a l  coordinate, i n .  

7 r a t i o  of s p e c i f i c  heats  

e meridian angle, pos i t ive  clockwise looking forward from 
afterbody e x i t ,  deg 

Subscripts : 

a af terbody 

b base 

b a l  balance 

e e x i t  of afterbody 

ex ex terna l  

f primary nozzle base 

f o r e  f orebody 

i ideal  

j j e t  

2 l o c a l  

max maximum 

P primary nozzle 
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S seal, secondary 

t t o t a l ,  t h roa t  

W free-stream conditions 

1 forward compartment 

2 outer  compartment 

3 inner compartment 

APPARATUS AND PROCEDURE 

Wind Tunnel 

This inves t iga t ion  w a s  conducted i n  the Langley 16-foot t ransonic  
tunnel, which i s  a s ingle-return atmospheric wind tunnel, with an 
octagonal s l o t t e d  t e s t  sec t ion .  Tunnel Mach number can be var ied from 
low subsonic values t o  about 1.08. 

Model and Support System 

The pylon-supported-nacelle jet-simulator model described i n  re f -  
erence 4 w a s  used i n  the  invest igat ion.  
i n  the tunnel t e s t  sec t ion  and f igure  2 i s  a sketch showing the  dimen- 
s ions and internal arrangement of the model and support system. The 
nacel le  w a s  a t tached t o  the  pylon through a four-component i n t e r n a l  
strain-gage balance, and the  hydrogen peroxide j e t  simulator which i s  
described i n  reference 5 w a s  a t tached t o  the pylon through a strain-gage 
t h r u s t  balance. 
forces  and moments t o  be measured separately.  A s  discussed i n  reference 6, 
the data  f o r  the pylon-supported model f a i r l y  represent  a p rac t i ca l  nace l le  
i n s t a l l a t i o n  i n  s p i t e  of an unknown interference e f f e c t  of the pylon. 
j e t  simulator un i t  produces a hot - je t  exhaust a t  a temperature of about 
1,350° F.  

Figure 1 shows the model mounted 

This arrangement permitted the  t h r u s t  and the nace l le  

The 

Ejector  Configuration 

The f ixed  divergent shroud e j ec to r  w a s  designed f o r  a f l i g h t  Mach 

The 
number of 2.0 and a j e t  pressure r a t i o  of 1 0 . 1 w i t h  an af terburner  p r i -  
mary nozzle and a corrected secondary weight-flow r a t i o  of 0.042. 
afterbody consis ted of a curved b o a t t a i l  sect ion with a small base. The 
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primary nozzle only i s  varied t o  correspond t o  nonafterburning and a f t e r -  
burning conditions.  A sketch of the combination of the f ixed  divergent 
shroud e j e c t o r  and afterbody and the e j e c t o r  parameters a r e  shown i n  f i g -  
ure 3. The e j e c t o r  geometry r a t i o s ,  based on hot dimensions, are given 
i n  the following tab le :  

Monaf terburner 

Afterburner 

1.04 

1.41 

Monafterburner 1.04 1.52 1.98 1.03 

Afterburner 1.41 1.16 1.51 1.00 

1.52 

1.16 

0.12 

* 30 

angle, deg 
Divergence 
angle, deg 

11 

11 

T e s t s  

The model angle of a t tack  was 0’ throughout the Mach number range 
of 0.90 t o  1.06. 
w a s  about 20 x 10 . A t  each Mach number, the j e t  simulator system was 
operated a t  r a t i o s  of primary j e t  t o t a l  pressure t o  free-stream s t a t i c  
pressure from 1 ( j e t  o f f )  t o  maximum values of about 8 f o r  several  con- 
s t a n t  values of secondary a i r  weight flow. 

The average Reynolds number based on nacelle length 
6 

Instrumentation 

Primary j e t  t h r u s t  w a s  obtained from the  t h r u s t  balance, and the 
ex terna l  a x i a l  forces  on the nacel le  were obtained from the i n t e r n a l  
balance. Pressures were measured on the afterbody, base, divergent 
e j e c t o r  w a l l s ,  and primary nozzle f l a p .  Primary j e t  t o t a l  pressure and 
temperature were measured i n  the t a i l p i p e  near the primary nozzle e x i t ,  
and the secondary a i r  t o t a l  pressure and temperature were measured i n  
the secondary a i r  passage near the primary nozzle e x i t .  

The primary weight flow w a s  measured with a vane-type e lec t ronic  
flowmeter located i n  the hydrogen peroxide supply l i n e .  The secondary 
a i r  weight flow w a s  measured by using a sharp-edge o r i f i c e  i n  the sec- 
ondary air  supply l i n e .  

Data Reduction 

The forces ,  pressures,  and temperatures were converted t o  absolute 
values and standard coef f ic ien ts  by the process described i n  reference 3. 
The t h r u s t  balance measured the t h r u s t  of the primary nozzle and some 
i n t e r n a l  forces .  The drag element of the four-component balance measured 
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the external  axial forces  on the nacel le ,  the force on the divergent por- 
t i o n  of the e j e c t o r ,  and some i n t e r n a l  force.  As shown i n  the appendix, 
the e j e c t o r  t h r u s t  Fej 
readings plus t h e  ex terna l  drag of the model and an internal-pressure 
correct ion term: 

w a s  obtained from the difference i n  balance 

The locat ions of the areas  and pressures a r e  shown i n  f igure  4.  

Til! xcondary a i r  weight flow w a s  determined f o r  each t e s t  po in t  by 
usinc: L21'e.Jsures measured a t  a sharp-edge o r i f i c e  i n  the secondary a i r  
supply l i n e  along with measured stagnation temperature. Figure 5 shows 
the var ia t ion  of the corrected secondary-to-primary weight-flow r a t i o  
with j e t  total-pressure r a t i o  f o r  a l l  t e s t  Mach numbers a t  constant 
values of secondary a i r  weight flow. 

Accuracy 

The estimated accuracy of the data presented i n  t h i s  paper i s  as 
follows : 

M .  . . . . . . . . . . . . . . . . . . . . . . . . . . . . . .  io.005 

cp . . . . . . . . . . . . . . . . . . . . . . . . . . . . . .  to.01 

. . . . . . . . . . . . . . . . . . . . . . . . . . .  ko.005 

p t , j p m . .  . . . . . . . . . . . . . . . . . . . . . . . . . .  io.10 

. . . . . . . . . . . . . . . . . . . . . . . . . . . .  f0.02 
, 

RESULTS AND DISCUSSION 

Pumping Character is t ics  

The v a r i a t i o n  of e j e c t o r  total-pressure r a t i o  p t , S / P t , j  with P r i -  
mary j e t  total -pressure r a t i o  f o r  constant values of secondary a i r  weight 
flow i s  shown i n  f igure  6. 
possible t o  determine the e f f e c t  of secondary-passage t o t a l  pressure on 
the amount of secondary airf low the e j e c t o r  would pass. However, as seen 

pt,j/pm f o r  the range of secondary a i r  weight flow of t h i s  inves t iga t ion  
w a s  mall. 

Normally from these data p l o t s  it would be 

I 
I 

i n  f i g u r e  6, the change i n  e j e c t o r  total-pressure r a t i o  a t  constant 

CONFIDENTIAL 



......................... . 0 .  . 0 .  . 
0 .  . e  0 .  e . e  . ........ . . . . . . . . . . . . . . . .  . ...... 
0 .  0 .  8 . 0  .e.. 0 .  e .  e .......... 8 e 0 . .  0 . .  **??lI&IflEI!lzkL"* 

The flagged data points  i n  f igures  6(a)  t o  6(d)  indicate  data taken 
as the primary j e t  total-pressure r a t i o  w a s  decreased from a value 
required t o  a t t a c h  the primary j e t  t o  the divergent port ion of the e jec tor .  
The difference i n  the e j e c t o r  total-pressure r a t i o  f o r  zero secondary a i r  
weight flow a t  primary j e t  total-pressure r a t i o s  around 4.0 i s  due t o  the 
d i f f e r e n t  attachment c h a r a c t e r i s t i c s  (hys te res i s )  of the primary j e t  with 
increasing and decreasing primary j e t  total-pressure r a t i o .  

Pressure Distr ibut ions 

Examples of pressure-coefficient var ia t ion  over the afterbody, the 
primary nozzle base, and the divergent portions of the  e j e c t o r  a r e  shown 
i n  f igures  7 and 8 with the nonafterburning and the afterburning nozzles. 
Only the afterbody pressure coef f ic ien ts  ,at 
pressure coef f ic ien ts  a t  8 = loo a r e  shown. The data are presented f o r  
several values of Mach number and tes t  values of primary j e t  to ta l -  
pressure r a t i o  and corrected weight-flow r a t i o .  
the tes t  conditions a t  which the i n t e r n a l  pressures are presented include 
those shown f o r  the afterbody pressure d i s t r i b u t i o n s .  Base pressure coef- 
f i c i e n t s  are included a t  2 / %  = 0 ( f i g .  7) and 2 = 0 inches ( f i g .  8 ) .  

8 = 0' and the i n t e r n a l  

It should be noted t h a t  

With the exception of the  data a t  zero secondary airf low and 
decreasing primary j e t  total-pressure r a t i o  (flagged symbols, f i g .  7 (a ) ) ,  
the e f f e c t  of the  primary j e t  on the afterbody pressure coef f ic ien ts  w a s  
similar t o  results of invest igat ions with parabolic af terbodies  having 
la rge  r a t i o s  of base diameter t o  primary j e t  diameter ( f o r  example, see 
ref. 7)  and the e f f e c t  of secondary a i r  w a s  small. 
the afterbody pressures are more pos i t ive  than f o r  increasing primary j e t  

For the excepted case, 

total-pressure r a t i o .  For example, see data f o r  M = 0.95, !qZ = 0 ,  ( wP 

) and p t,j/pm = 3.9 i n  f i g .  7 (a ) .  

by the j e t  shape and, with an e j e c t o r ,  hysteresis  e f f e c t s  influence the 
j e t  shape i n  a r a t h e r  complicated manner. For t h i s  configuration these 
e f f e c t s  r e s u l t e d  i n  more pos i t ive  base pressures which, f o r  the subsonic 
Mach numbers, were f e l t  w e l l  forward on the afterbody. 

The afterbody pressures can be a f fec ted  

For primary j e t  total-pressure r a t i o s  lower than 3.5 the i n t e r n a l  
w a l l  pressures of the nonaf terburning configuration ( f i g  . 8 (a)  ) a r e  
es tab l i shed  by the base pressure.  
total-pressure r a t i o  i s  increased above 3.5 the i n t e r n a l  pressures become 
more negative. 
and a f u r t h e r  increase i n  primary j e t  total-pressure r a t i o  then increases 

(See r e f .  3 . )  A s  the primary j e t  

They reach a minimum a t  a pressure r a t i o  of about 6.0, 
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the level of the pressures.  For example, see data  i n  f i g .  8(a) f o r  

M = 1.06 and :/%= 
I The var ia t ion  of t h e  i n t e r n a l  pressure d i s t r i b u t i o n s  f o r  the  a f t e r -  

burning configuration i s  seen i n  f i g u r e  8 ( b ) .  
a r e  a f fec ted  a t  a much lower primary j e t  total-pressure r a t i o  than f o r  
the nonafterburning configuration. 
2 = 1.96 
ment. Because of the j e t  impingement between 2 = 1.96 and 2 = 2.85, 
it i s  f e l t  t h a t  the f a i r i n g  of the curves between these two points  does 
not  necessar i ly  ind ica te  the t rue  pressure var ia t ion  between the two 
points .  For the lower primary j e t  total-pressure r a t i o s  of the i n v e s t i -  
gat ion,  downstream from the e j e c t o r  t h r o a t  the pressures along the e j e c t o r  
w a l l  become more negative, then more posi t ive,  indicat ing attachment and 
overexpansion of the primary j e t .  
pressure r a t i o  t o  about 8.0 produces pos i t ive  pressures over most of the 
e j e c t o r .  A t  the  higher pressure r a t i o s  the pressures over the divergent 
port ion of the e j e c t o r  were l i t t l e  a f fec ted  by the amounts of secondary 
a i r  used i n  t h i s  invest igat ion;  however, there  w a s  a la rge  e f f e c t  of 
secondary a i r  on the pressures over the primary nozzle base. 

The i n t e r n a l  pressures 

The pressure o r i f i c e  located a t  
i s  i n  the e j e c t o r  t h r o a t  and i n  general ind ica tes  j e t  impinge- 

Increasing the primary j e t  t o t a l -  

The i n t e r n a l  pressure d i s t r i b u t i o n  f o r  the  af terburning configura- 
t i o n  ( f i g .  8 ( b ) )  ind ica tes  j e t  impingement i n  the region of the e j e c t o r  
t h r o a t  a t  lower primary j e t  total-pressure r a t i o s  than would be expected. 
I t  w a s  believed t h a t  the rounded shape of the primary nozzle e x i t  changed 
the i n i t i a l  shape of the j e t  boundary. I n  order t o  obtain an idea of the 
e f f e c t  of the primary-nozzle-exit l i p  shape on the shape of the primary 
j e t  boundary, a small two-dimensional-flow v isua l iza t ion  model of the  
e j e c t o r  used i n  the tunnel invest igat ion w a s  constructed and sch l ie ren  
photographs were taken as the primary j e t  total-pressure r a t i o  w a s  var ied.  
The nonafterburning primary nozzle used i n  the tunnel inves t iga t ion  had a 
shor t  s t r a i g h t  sec t ion  a t  the e x i t  and the afterburning primary nozzle had 
a rounded e x i t  l i p .  (See f i g .  3 . )  The photographs i n  f igure  9 compare 
the j e t  boundary shapes from such nozzle e x i t s  with those from nozzles 
having sharp-edge e x i t s .  There w a s  l i t t l e  difference i n  the r e s u l t s  f o r  
the nonaf terburning configurations ( f i g  . 9( a )  ) , but rounding the a f t e r -  
burning nozzle caused the  j e t  t o  turn  out and impinge ( f i g .  9 ( b ) ) .  The 
r e s u l t s  shown i n  f igure  9 ind ica te  t h a t  the primary-nozzle l i p  shape can 
g r e a t l y  change the i n i t i a l  j e t  p r o f i l e .  

Drag Characteris t i c s  

The var ia t ion  of the afterbody drag coef f ic ien t  with primary j e t  
total-pressure r a t i o  a t  constant values of corrected weight-flow r a t i o  
f o r  each of the t e s t  Mach numbers i s  shown i n  f i g u r e  10. The afterbody 
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drag c o e f f i c i e n t  includes the base drag and w a s  obtained by in tegra t ion  
of the measured pressures over the afterbody and base. The e f f e c t  of 
the primary j e t  and of the corrected secondary weight-flow r a t i o  on the 
afterbody drag w a s  small. The var ia t ion  of the ex terna l  and forebody 
drag coef f ic ien ts  with Mach number is  shown i n  f igure  11 f o r  zero 
secondary air  and je t -off  conditions.  

Primary J e t  Nozzle Performance 

Two measures of the primary j e t  nozzle performance are the flow 
c o e f f i c i e n t  o r  r a t i o  of the measured weight flow t o  the i d e a l  weight 
flow based on the measured j e t  t o t a l  pressures and temperatures, and the 
t h r u s t  c o e f f i c i e n t  o r  r a t i o  of the measured j e t  t h r u s t  t o  the i d e a l  p r i -  
mary t h r u s t  based on measured primary weight flow and j e t  t o t a l  pressures  
and temperatures. The var ia t ions  of the primary nozzle flow and t h r u s t  
coef f ic ien ts  with primary jet total -pressure r a t i o  are shown i n  f i g u r e  12  
and a r e  consis tent  with expected values ( r e f .  5 ) .  

Gross Ejector  Thrust 

The e f f e c t  of primary j e t  total-pressure r a t i o  and secondary a i r  
weight flow on the gross e j e c t o r  t h r u s t  c o e f f i c i e n t  i s  shown i n  f igure  13  
f o r  the nonafterburning and the af terburning nozzles a t  constant Mach 
numbers. For the nonafterburning configuration, data were taken a t  
increasing and decreasing primary j e t  total-pressure r a t i o s .  The data ,  
obtained as the primary j e t  total-pressure r a t i o  w a s  decreased from 8 
value above t h a t  required f o r  j e t  attachment t o  the divergent w a l l ,  are 
indicated by flagged symbols. The s o l i d  symbols ind ica te  addi t iona l  
data  t h a t  were obtained from the continuous record between t e s t  points .  
A s  a r e s u l t  of the difference i n  the response of the primary j e t  t o t a l -  
pressure gage and the force-balance readout systems, the e j e c t o r  t h r u s t  
c o e f f i c i e n t  f o r  these points  i s  s l i g h t l y  high f o r  decreasing primary j e t  
total-pressure r a t i o .  

Nonafterburning.- The var ia t ion  of e j e c t o r  t h r u s t  c o e f f i c i e n t  w i t h  
primary j e t  total-pressure r a t i o  i s  shown f o r  the nonafterburning con- 
f i g u r a t i o n  i n  f igures  l3(a) t o  l 3 ( d ) .  A s  the primary j e t  total-pressure 
r a t i o  i s  increased from j e t  off t o  about 4.0, the pressure d i s t r i b u t i o n s  
i n  the divergent port ion of the e j e c t o r  are l i t t l e  a f fec ted  by the p r i -  
mary je t ,  but ,  as seen i n  f igure  8, a r e  of the order of the base pres- 
sure. However, as the j e t  boundary approaches the w a l l  of the e jec tor ,  
the pressure i n  the secondary passage i s  reduced by j e t  pumping which 
causes the j e t  t o  enlarge i n i t i a l l y  and a t t a c h  t o  the e j e c t o r  w a l l .  The 
lo s s  i n  e j e c t o r  t h r u s t  which occurs between primary j e t  total-pressure 
r a t i o s  of 4.0 and 4.5 f o r  low values of secondary a i r  i s  a r e s u l t  of the 
negative pressures along the e j e c t o r  w a l l .  Increasing the secondary a i r  
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reduces the t h r u s t  l o s s  as w e l l  as delays it t o  a higher primary j e t  
total-pressure r a t i o .  

As shown by the  f lagged symbols i n  f igu res  l3(a) t o  l 3 ( d ) ,  the p r i -  
mary j e t  remains at tached t o  the e j e c t o r  w a l l  t o  a lower primary j e t  
to ta l -pressure  r a t i o ,  and thereby produces l a rge r  losses  i n  e j e c t o r  
t h r u s t  than those f o r  increasing primary j e t  total-pressure r a t i o .  
t h i s  e j e c t o r  Configuration the  addi t ion  of about 2 percent secondary 
a i r  w i l l  prevent t h i s  extreme overexpansion as the primary j e t  t o t a l -  
pressure r a t i o  is  decreased. This primary j e t  attachment hys t e re s i s  has 
a l so  been seen i n  the  results of o ther  inves t iga t ions .  (For example, 
see ref. 8.) 

For 

Afterburning.- The va r i a t ion  of the  e j e c t o r  t h rus t ' coe f f i c i en t  with 
the primary j e t  to ta l -pressure  r a t i o  i s  shown f o r  the af terburning con- 
f igura t ion  i n  f igu res  l3 (e)  t o  l 3 ( h ) .  It can be seen that the e j e c t o r  
t h r u s t  coe f f i c i en t  increased w i t h  the  primary j e t  to ta l -pressure  r a t i o  
without the sudden losses  which occurred wi th  the  nonafterburning con- 
f igu ra t ion .  However, as s t a t e d  previously,  j e t  attachment t o  the  e j e c t o r  
wal l  occurred a t  a much lower primary j e t  to ta l -pressure  r a t i o  than f o r  
the nonafterburning configuration, and as seen i n  the pressure d i s t r ibu -  
t i ons  ( f i g .  8) the  flow w a s  overexpanded t o  such an ex ten t  t h a t  t he  j e t  
impinged upstream of the e j ec to r  minimum. 
j e t  upstream of the e j e c t o r  minimum resu l t ed  i n  la rge  losses  i n  e j e c t o r  
t h r u s t  over the  range of primary j e t  to ta l -pressure  r a t i o  of the  
inves t iga t ion .  

The impingement of the primary 

Ejec tor  Performance 

The r a t i o s  of e j e c t o r  t h r u s t  t o  ideal primary t h r u s t  are presented 
i n  f igure  14 a t  constant  values of corrected weight-flow r a t i o  f o r  each 
of the tes t  Mach numbers. The e f f e c t  of corrected weight-flow r a t i o  on 
the e j e c t o r  t h r u s t  r a t i o  var ied somewhat e r r a t i c a l l y  with Mach number 
and primary je t  to ta l -pressure  r a t i o .  Generally, f o r  the  nonafterburning 
configuration, below a primary j e t  to ta l -pressure  r a t i o  of about 3.5 the  
addi t ion  of secondary a i r  had l i t t l e  o r  s l i g h t  detr imental  e f f e c t  on 
performance and a t  the higher pressure r a t i o s  the l a r g e r  amounts of sec-  
ondary a i r  usual ly  caused an increase i n  e j e c t o r  t h r u s t  r a t i o .  The e f f e c t  
of secondary a i r f low on the af terburner-configurat ion e j e c t o r  t h r u s t  r a t i o  
w a s  general ly  small except a t  t h e  lowest pressure r a t i o s .  

I n  order t o  ind ica te  the  losses  assoc ia ted  with the  off-design per- 
formance of the e j ec to r s ,  the  va r i a t ion  of t he  e j e c t o r  t h r u s t  r a t i o  with 
Mach number i s  presented i n  f i g u r e  15 a t  scheduled values of corrected 
weight-flow r a t i o  and primary j e t  to ta l -pressure  r a t i o .  The va r i a t ion  
of primary j e t  to ta l -pressure  r a t i o  and corrected weight-flow r a t i o  w i t h  
Mach number i s  a l s o  shown i n  f igu re  15 and i s  considered typ ica l  of cur ren t  

CONFIDENTIAL 



......................... . . . . . . .  . .  0 .  . .  . 0 .  . . . . . . . . .  . . . . . . . . . . . . . . . .  . ...... . .  0 .  . . .  .... . . . . .  .......... ....... '.ea&mM&... . . . .  
12 

operating turbojet-engine i n s t a l l a t i o n s .  
s a t i s f a c t o r y  nonafterburning operat ion is  possible  from M = 0.90 t o  
M = 1.01, there  w i l l  be large losses  above M = 1.01 f o r  the nonafter-  
burning configurat ion and that the performance of the af terburning con- 
f igu ra t ion  i s  poor f o r  the  Mach number range of the  inves t iga t ion .  As 
shown previously,  these losses  are due t o  overexpansion of the primary 
j e t .  

It i s  obvious t h a t ,  while 

CONCLUDING REMARKS 

An inves t iga t ion  of a pylon-supported nacel le  model with a f ixed  
divergent e j e c t o r  designed f o r  a Mach number of 2.0 has been conducted 
i n  the Langley 16-foot t ransonic  tunnel over a Mach number range from 
0.90 t o  1.06. The r e s u l t s  of the  inves t iga t ion  warrant the following 
remarks : 

1. The performance of the nonafterburner nozzle configurat ion a t  
scheduled conditions w a s  s a t i s f a c t o r y  up t o  a Mach number of 1.00. 

2.  The addi t ion  of about 2 percent secondary a i r  eliminated the 
primary j e t  attachment hys te res i s  with the nonafterburner nozzle. 

3 .  The afterburner-nozzle configurat ion experienced la rge  losses  
due t o  primary j e t  overexpansion over t he  Mach number range of the 
inves t iga t ion  a t  scheduled operat ing condi t ions.  

4. The i n i t i a l  shape of t he  primary j e t  boundary and thereby the 
e j e c t o r  performance can be g r e a t l y  a f f ec t ed  by the  shape of the primary- 
nozzle e x i t  l i p .  

Langley Research Center, 
National Aeronautics and Space Administration, 

Langley F ie ld ,  V a . ,  August 12, 1959. 
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APPENDIX 

METHOD OF CALCWTION 

Drag System 

The drag component of the main balance measured the axial forces  on 
the ex terna l  surface of the nacel le  and inside the afterbody t o  the ten- 
t e r  of the rear seal of the model (see f i g .  4), as w e l l  as an i n t e r n a l  
pressure force.  The equation f o r  the ex terna l  drag of the model is  as 
follows : 

= Dbal + (p1 - Pw)As,l + (p2 pw)(As,2 - 's,l) 

- (Pf - P,)(As,2 - AS) +rt (P2 - P m ) a  - PW)& (1) 
AS 

Because s t a t i c  ca l ibra t ions  indicated that f o r  t h i s  inves t iga t ion  the 
i n t e r n a l  f r i c t i o n  forces  due t o  the secondary a i r  were s m a l l ,  they are 
neglected i n  t h e  equation f o r  
the primary j e t  flow on the  divergent e j e c t o r  surface, which i s  measured 
by the drag balance, i s  a l s o  neglected. The ex terna l  drag i s  defined as 
the sum of a l l  the axial forces  act ing on the ex terna l  surface of the  
model, including the base (that is, the  forebody p l u s  the afterbody drag) .  
Therefore, the  forebody drag i s  as follows: 

Dex. The i n t e r n a l  f r i c t i o n  force due t o  

The forebody drag var ied only with Mach number and w a s  determined from 
jet-off  tests.  The afterbody drag does not  include the f r i c t i o n  drag; 
therefore,  the forebody drag obtained using equation ( 2 )  i s  a c t u a l l y  
the drag of the forebody plus  the f r i c t i o n  drag of the afterbody. 

Thrust  Sys tern 

The th rus t  balance measured the primary thrust plus some i n t e r n a l  
forces  including the  t h r u s t  of the  incoming secondary a i r .  
brat ions with the  primary j e t  off  indicated t h a t  the t h r u s t  of the 

S t a t i c  C a l i -  
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incoming secondary a i r  and the f r i c t i o n  forces i n  the secondary passage 
were small and f o r  t h i s  invest igat ion could be neglected. Therefore the 
t h r u s t  of the primary nozzle is  

The locat ions of the balance, areas,  and pressures are shown i n  f i g u r e  4. 

Ejector  Thrust 

The t h r u s t  of an e j e c t o r  i s  the sum of the primary thrust, the 
secondary t h r u s t  a t  the  plane of the primary nozzle ex i t ,  and the sum of 
the pressure and viscous forces  ac t ing  on the w a l l  of the  e j e c t o r  down- 
stream from the primary nozzle e x i t .  If the viscous force ac t ing  on the 
e j e c t o r  w a l l  i s  neglected, the expression f o r  e j e c t o r  t h r u s t  is  

Fej = Fbal + (p1 - p,)As,2 - (Pf - Pm)(As,2 - "p> + QVs 

+ (Pf - Pm)(AS - Ap) +rt (PI - Pm)U +JA' (Pz - P,)& (4) 
AS A t  

The propulsive force can now be obtained by taking the difference of the 
e j e c t o r  t h r u s t  force  and the ex terna l  drag force.  

Then, s ince 

the e j e c t o r  t h r u s t  i s  

Fej = Fbal - %a1 + (p1 - P2)(As,2 - As,l) + msVs + Dfore + Da ( 6 )  

CONFIDENTIAL 



REFERENCES 

1. Greathouse, W i l l i a m  K . ,  and Beale, W i l l i a m  T.: Performance Charac- 
t e r i s t i c s  of Several  Divergent-Shroud A i r c r a f t  Ejectors .  
RM E55G2la, 1955. 

NACA 

2. Trout, Arthur M . ,  Papel l ,  S.  Stephen, and Povolny, John H. :  I n t e r n a l  
Performance of Several  Divergent-Shroud Ejector  Nozzles With High 
Divergence Angles. NACA RM E57F13, 1957. 

3. Swihart, John M.,  and Mercer, Charles E . :  Invest igat ion a t  Transonic 
Speeds of a Fixed Divergent Ejector  I n s t a l l e d  i n  a Single-Engine 
Fighter  Model. NACA RM L57LlOa, 1958. 

4. Runckel, Jack F.: Preliminary Transonic Performance Results f o r  Solid 
and Slo t ted  Turbojet Nacelle Afterbodies Incorporating Fixed Diver- 
gent J e t  Nozzles Designed f o r  Supersonic Operation. NASA 
MEMO 10-24-58~, 1958. 

5 .  Runckel, Jack F., and Swihart, John M . :  A Hydrogen Peroxide Hot-Jet 
Simulator f o r  Wind-Tunnel Tests of Turbojet-Exit Models. NASA 
MEMO 1-10-59L, 1959. 

6. Swihart, John M . ,  Mercer, Charles E . ,  and Norton, Harry T., Jr.: Effec t  
of Afterbody-Ejector Configurations on the Performance a t  Transonic 
Speeds of a Pylon-Supported Nacelle Model Having a Hot-Jet Exhaust. 
NASA MEMO 1-4-59L, 1959. 

7 .  E n g l e r t ,  Gerald W . ,  Vargo, Donald J., and Cubbison, Robert W .  : Effec t  I 

of Jet-Nozzle-Expansion Ratio on Drag of Parabolic Afterbodies. NACA 
RM E54B12, 1954. 

8. Kochendorfer, Fred D . ,  and ROUSSO, Morris D.:  Performance Character- 
i s t i c s  of A i r c r a f t  Cooling Ejectors  Having Short Cylindrical  Shrouds. 
NACA RM ~ 5 1 ~ 0 1 ,  1951. 

COW IDENTIAL 



......................... . 0 .  . 0 .  . 
0 .  0 .  0 .  . 0 .  . . . . . . . . .  . . . . . . . . . . .  ...... 

0 .  . . .  *::CO$$UTh..' : : A: ....... ....... .... 

L 

k C  
0 -d a aa r c a ,  
m r l  

I r l  
G d  
0 - P  

r l m  
Ed 

I 

rl 

a, s 
bo 

CONFIDEXFIAL 



0 0  0 .0  0 . 0  0 0 .  00 . .  0.. 0 . 0 0  0 0 .  
0 0 . 0 0 .  0 .  . .. 0 0 .  0 .  0 .  
. 0 .  0 0 0  0 . 0 0 .. 0 0  . 0.. . 0.. 0 0 . .. .. . 0 0 .  0 .  
0 0 . 0 0 .  

a, n 
P 
? 

P 

P 

a 

ln ln 

Q 
I 
0 
- - 

c 

u 

CONFIDENTIAL 



......................... . 0 .  . 0 .  . 
0 .  0 .  0 .  . 0 .  e ........ . . . . . . . . . . . . . . . .  . ...... 
0 .  0 .  . . .  .... 0 .  0 .  . ....... '..cobibm&y. . . . .  18.** 

- 
0 



e. .e. . e *  e.. e... e.. e... e.. 
e . * . e *  0 .  e e .  0 . e  0 .  0 .  
e 0 .  0 e. e . e e e. 0 .  0 e * .  e e.. e 0 e . e * . .  e .  ..e* . e *  e .  

19 
0 .. e .  . * e  e... . * e  e. e e ml;Tb**me.*e . *e  e.. e 

8 
Q 

a, 
,U- 

E 
cn 

-U- 
.- 
i 

Q 

", 

a - m- 

m- a 

CONFIDENTIAL 



(a) M = 0 .go; nonafterburning nozzle. 
Figure 5.- Variation of corrected weight-flow ratio with primary 

pressure ratio at constant values of secondary air weight flow. 
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(b) M = 0.95; nonafterburning nozzle. 

Figure 5. - Continued. 
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( c )  M = 1.00; nonafterburning nozzle. 

Figure 5 .  - Continued. 
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(a) M = 1.06; nonafterburning nozzle. 

Figure 5 .  - Continued. 
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(e)  M = 0.90; afterburning nozzle. 

Figure 5.  - Continued. 
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(f) M = 0.95; af terburning nozzle. 

Figme 5.- Continued. 
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(h) M = 1.06; afterburning nozzle. 

Figure 5.- Concluded. 
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(a) M = 0.90; nonafterburning nozzle. 

Figure 6. - Variation of e j ec to r  flow cha rac t e r i s t i c s  with primary 
pressure r a t i o  a t  constant values of secondary a i r  weight flow. 
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Figure 12.- Performance of primary nozzles (no ejector shroud). M = 0. 
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Figure 13.- Variation of gross ejector thrust coefficient with primary 
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Figure 13. - Continued. 
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